Neutralization and haemagglutination-inhibition (HI) of a type A influenza virus by a panel of five monoclonal IgGs, their F(abh) 2 s, Fabs and FabsM anti-mouse Fab were compared. The MAbs were specific for antigenic sites A, B and D of the haemagglutinin. Activities of the IgGs varied by up to 6-fold on a molar basis, apart from the HI activity of HC58 which was 100-fold lower. This was not due to low functional affinity as HC58 had the second highest value (nM) as determined by an equilibrium method with whole virions. Conversion to the F(abh) 2 reduced neutralization and HI by only 2-to 6-fold, indicating that the Fc region had little involvement in these processes. However, all Fabs had low neutralization and HI activity compared with their IgGs, neutralization being reduced by 86
Introduction
Neutralization of a wide range of viruses by Fab and F(abh) # antibody fragments derived from IgG has been studied (see reviews by Dimmock, 1993 Dimmock, , 1995 . Neutralization efficiency and affinity are relatively unaffected (about 2-to 4-fold) by conversion to F(abh) # . However, neutralization by a Fab is usually reduced by at least an order of magnitude compared with its IgG, and often by much more. Exceptions are certain Fabs to La Crosse virus (Bunyaviridae) site B and site C which neutralized to a greater extent or faster rate than did their respective monoclonal IgGs (Kingsford et al., 1991) . From limited studies it seems that the affinity of a Fab preparation is usually decreased over that of its IgG. The exception is Fab F105, specific for the CD4 binding site of human immuno- deficiency virus type 1, which has the same affinity as its IgG (Cavacini et al., 1994) . IgGs that neutralize solely by aggregating virions are dependent on bivalent binding, and their neutralization is always abrogated on conversion to the Fab and monovalency. Some poliovirus monoclonal antibodies (MAbs) are in this category (Thomas et al., 1985 ; Smith & Mosser, 1996) . In theory anti-Fab IgG can cross-link and restore bivalency of Fabs bound to a virion, providing that the Fabs are situated within the span of the anti-IgG, and hence restore neutralization. However, this is unlikely to occur at low Fab concentrations.
To date, there has been little work with influenza A viruses. The haemagglutinin (HA) protein is a trimer and the major neutralization antigen. The atomic structure of the H3 HA has been solved and five major neutralization sites (A-E) have been physically mapped (Wiley et al., 1981) . Early studies with a H1 influenza A virus found that Fab fragments from polyclonal antisera neutralized as well on a weight basis as did IgG, but underwent dilution dissociation (Lafferty, 1963) . Lafferty suggested that the IgG bound bivalently and that the presumptive low affinity of the Fabs resulted from their monovalency, but no data were presented to support this hypothesis. Neutralization by four MAbs and their Fabs reactive with the HA of an H7 subtype influenza A virus isolated from seals was investigated by Kida et al. (1985) and Yoden et al. (1985) . The MAbs were not mapped to antigenic sites and two MAbs were unusual as they had no haemagglutination-inhibition (HI) activity with virions. Neutralization by their Fabs was reduced from 31-to 100-fold, but the significance of this is difficult to determine as no affinity data were presented. Comparison of HI and neutralization is of particular interest as three of the MAbs in the current study (HC2, 10 and 61) have different mechanisms of action. They mediate HI by sterically blocking attachment of virus to the red cell receptor, and mediate neutralization by inhibiting a postattachment event .
Here we report on the neutralization and HI by type influenza A virus HA-specific neutralizing murine monoclonal IgGs, their F(abh) # s, Fabs, and Fabsjanti-mouse Fab. Data are discussed with reference to the three-dimensional structure of the HA (Wiley et al., 1981) , functional affinities (Schofield & Dimmock, 1996 ; Schofield et al., 1997) , and mechanisms of action .
Methods
Virus. The avian strain of influenza A\fowl plague\Rostock\34 (H7N1) (FPV\R) was grown in the allantoic cavity of 10-day-old embryonated chicken's eggs (J. K. Needle and Co.) and incubated for 20 h at 35 mC. Allantoic fluid was clarified by low speed centrifugation and stored at k70 mC. The infectivity was determined by plaque assay on MDCK cell monolayers under 0n9 % agar (Difco) in 199 medium containing 100 U\ml penicillin (Sigma), 100 µg\ml streptomycin (Sigma) and 5 % (v\v) foetal calf serum (Sigma). Monolayers were incubated for 4 days at 37 mC before staining with 0n015 % crystal violet (BDH).
Virus purification. Virus was purified from allantoic fluid by differential centrifugation at 4 mC (Kelly & Dimmock, 1974) . Pelleted virus was loaded onto a 10-45 % (w\v) linear sucrose gradient in PBS and centrifuged at 60 000 g for 90 min (Beckman). The visible virus band was harvested, and virus stored at k70 mC. (Sugrue et al., 1990) . All cells were cultured in RPMI 1640 with sodium bicarbonate buffer, supplemented with 0n02 mM glutamine (Flow), 10 % (v\v) foetal calf serum, 100 U\ml of penicillin and 100 µg\ml of streptomycin. Only calf serum containing negligible amounts of protein A-binding protein was used to avoid contaminating the MAbs with bovine immunoglobulins. Tissue culture supernatants were stored at k20 mC. MAbs were purified on protein A-oxirane beads (Sigma), and protein concentrations determined using the Bio-Rad dye-binding assay, and a mouse IgG calibration curve.
Preparation of Fab fragments. Fab fragments were produced using immobilized papain (Sigma). Purified IgG (1 mg in 1 ml 200 mM sodium acetate, pH 5n5), was incubated with 6n2 µl fresh 1n0 M cysteine (Sigma) and 20 µl 20 mM EDTA, 2 U of agarose-immobilized papain, for 4 h at 37 mC in a shaking water-bath. After centrifuging out the immobilized papain, 100 µl of 47 mM iodoacetamide was added, and the pH adjusted to 7n0 with Tris-HCl. A sample was electrophoresed on an 8 % SDS-PAGE gel to confirm the presence of Fab, and stained with colloidal Coomassie Brilliant Blue G-250 (Sigma : Neuhoff et al., 1988) . Any undigested IgG and Fc were removed by repeatedly passing the Fabs through a protein A column. The Fabs were then dialysed against PBS overnight at 4 mC, concentrated in M r 30 000 cut-off centrifugation concentrators (Filtron) and their concentration determined using the BioRad dye-binding assay. The final Fab preparation was analysed for contaminating IgG by PAGE under non-reducing conditions. A typical example (Fig. 2) shows no detectable contaminating IgG in a preparation of HC61 Fab. Fab bands could be detected down to 5 ng per band, and contained 0n5 % IgG.
Preparation of F(abh) 2 fragments. Purified IgG (0n5 mg in 1 ml 0n1 M sodium citrate, pH 3n5) was incubated with 720 U of agaroseimmobilized pepsin (Sigma) for 10 h at 37 mC. The immobilized pepsin was removed by centrifugation, and the pH was returned to neutral with Tris-HCl. The digest was then analysed as above and any undigested IgG removed by repeated passage through a protein A column. The purified F(abh) # was then concentrated in M r 50 000 centrifugation concentrators (Filtron) and the protein concentration was determined. Preparations were analysed by PAGE under non-reducing conditions, and contained minor amounts of breakdown products but no detectable IgG (Fig. 2) . There was 0n5 % contaminating IgG.
Haemagglutination assay. Virus was titrated by doubling dilutions in 100 µl PBS in 96-well U-bottomed microtitre plates (Greiner) using 0n13 % chicken red blood cells (RBC ; Seralab). The 50 % agglutination end-point (1 haemagglutination unit : HAU) was estimated by interpolation between complete agglutination and no agglutination. Haemagglutination-inhibition (HI) assay. Doubling dilutions of IgG, F(abh) # and Fab were made in 100 µl PBS as above. Virus (4 HAU in 25 µl) was added to each well and incubated for 60 min at 20 mC. The 50 % end-point of the antibody was estimated using RBCs as above and expressed as the molar concentration required to give 1 HIU\ml. HI titres were determined also by the addition of goat anti-mouse Fab IgG (1 : 100 : Sigma) after virus and Fabs had been incubated together. The mixture was incubated for a further 60 min at 20 mC before the HI titre was determined.
Neutralization assay. Dilutions of IgG, F(abh) # or Fab and virus were incubated together for 1 h at room temperature and plaque assayed on MDCK monolayers in 6-well plates. Non-neutralized virus gave approximately 80 p.f.u. per well. The neutralization titre is defined here as the molar concentration required for 90 % loss of infectivity. Neutralization by Fab was also determined by the addition of 1 : 100 goat anti-mouse Fab IgG (Sigma) after virus and Fab had been incubated together. The mixture was incubated for a further 60 min at 20 mC before proceeding as described.
Results
Neutralization by IgG, F(abh) 2 , Fab, and FabM anti-Fab IgG Fig. 3 (A-E) shows a typical data set of the relationship between neutralization and concentration for HC2, HC3W, HC10, HC58 and HC61 IgG, Fab, and Fabjanti-Fab IgG. Concentrations required for 90 % neutralization for a panel of five antibodies are summarized in Table 1 . Titres ranged nearly 6-fold from 1n2 to 6n8 nM. This contrasts with the rates of neutralization which varied by 40-fold (Schofield & Dimmock, 1997) , indicating that rate is a more stringent parameter of antiviral efficacy than specific activity. Conversion to F(abh) # reduced neutralization by a small but reproducible amount (2-to 3-fold : Fig. 3 F ; Table 1 ). The loss of neutralization on conversion to monovalent Fab fragments was far greater, and ranged from 86 to 1912-fold (Table 1 ). The Fab with no detectable neutralizing activity was HC10. Addition of antiFab IgG to virus-Fab complexes restored neutralization of four of the five Fabs to about the value of the IgGs, but Fab HC10 still gave no detectable neutralization ( 13 000 nM). This was surprising as HC10 Fabs had the third highest HI activity of all the Fabs, and their HI activity was increased nearly 3-fold by the addition of anti-Fab IgG (see below).
Haemagglutination-inhibition by IgG, F(abh) 2 , Fab, and FabM anti-Fab IgG
The ability of four of the IgGs (HC2, HC3W, HC10 and HC61) to cause HI varied by about 6-fold on a nM basis (Table  2) . However, over 100-fold more HC58 was required to give the same HI titre as HC61. This was unexpected as HI is generally regarded to occur by simple steric inhibition of the attachment of virus to RBCs by antibody, and HC58 has the second highest functional affinity by an equilibrium method (Schofield & Dimmock, 1997) . All IgGs lost 3-to 6-fold HI activity on conversion to F(abh) # fragments (Table 2 ). This was independent of the specific activity of the IgGs. HC3W could not be converted to F(abh) # as murine IgG2b is asymmetrically cleaved by pepsin (Parham, 1983) . The HI activity of papainderived Fabs is shown in Table 2 . If there was no loss in activity on production of Fab fragments from IgG, the molar ratio of the HI titres of Fab : IgG would be 2 : 1. However, the molar ratios for HC2, HC3W, HC10 and HC61 ranged from 27 : 1 to 138 : 1 (Table 2) . HC58 Fabs had no detectable HI activity. This was probably because the IgG itself had a low specific activity, and\or the lower M r of the Fab. Binding of HC58 Fab to virus was not a problem as complete neutralization was restored with anti-Fab IgG (Table 1) . Treatment with an anti-Fab IgG elevated the HI activity of all the Fabs, except that of HC58 Fab, by varying amounts ( Table 2 ). The activity of HC2 Fab increased dramatically and exceeded that of the IgG by over 6-fold. The HI assay is an end-point titration of antibody, and it seems likely that anti-Fab IgG can only increase the HI activity of Fab that is already bound to virus. Thus as HC2 Fabjanti- Fab and HC2 IgG gave similar HI titres, the Fab had evidently lost little functional affinity and it seems likely that its loss of activity was directly related to its lower M r . This was not the case with HC10 Fab whose HI titre was still reduced by over 15-fold after the addition of anti-Fab, or HC58 Fab.
Discussion Neutralization
All five IgGs had a high functional affinity (K dissoc. l 4n1 to 14 nM), and varied by only 3n4-fold in a system in which virus and IgG were reacted to equilibrium (Schofield et al., 1997) . Their ranking order was (HC61, HC2, HC3W) HC58 HC10. Very similar ranking was obtained by kinetic analysis with a flow system, surface plasmon resonance (SPR) and captured whole influenza A virions, except that no data could be obtained for HC58 IgG (Schofield & Dimmock, 1996 ; Schofield et al., 1997) . As others have found, affinities (K dissoc. ) obtained in the flow system were lower (by 2-to 10-fold) than by an equilibrium method, but still nM. We suggest below that HC58 IgG binds in an orientation such that most of it is buried within the HA spike layer, and as a result is unable to bind under conditions where antibody flows over bound virus (Schofield & Dimmock, 1996) . The affinities of the Fabs remained in the nM range, although 3-to 11-fold lower than their IgGs (Schofield & Dimmock, 1996) . Fab HC10 had no measurable affinity, probably because of the low affinity of its IgG (Schofield & Dimmock, 1996) . Nonetheless, Fab HC10 had the third highest HI titre of all the Fabs. HC10 IgG and F(abh) # neutralized with similar efficiency, but its Fab had no detectable neutralizing activity (a drop of 1912-fold) even when anti-Fab IgG was added. However, this was not due to a failure to bind as addition of anti-Fab IgG restored its HI titre. Thus the Fab may have no detectable neutralizing activity because it is unable to bind to virions bivalently, or because it is too small (M r 50 000) relative to the F(abh) # (M r 100 000) to effect the post-attachment neutralization mechanism. However, it is clearly able to cause the steric hindrance that is responsible for HI. By the same arguments, loss of neutralizing activity of the other Fabs investigated may reside either in their inability to bind bivalently or in their relatively low M r .
Haemagglutination-inhibition
During haemagglutination, virus attachment sites (VAS) of the HA bind to the cell receptor units (CRU) on the RBC. The CRU is N-acetylneuraminic acid (NANA), and on RBCs most NANA is present on glycophorin A. The VAS is a pocket in the distal part of each HA monomer (Wilson et al., 1981 ; Wharton et al., 1989) . HI antibody sterically prevents the interactions between the VAS and the CRU, and the attachment of the virion to the RBC. The physical dimensions of glycophorin A (about 5 nm long : Viitala & Ja$ rnefelt, 1985) and of IgG (9-12 nm long : Nisonoff et al., 1975) accord with this view and, in addition, IgG has been shown directly to inhibit the attachment of radiolabelled virus to RBCs . Although a Fab is only 7 nm long (Shuh et al., 1986 ; Porta et al., 1994) , it appears just long enough to prevent virus from attaching to the RBC, even if the 5 nm glycophorin were to interdigitate with the Fabs bound to the surface of the virus (Fig. 4 Ab) . However, to sterically prevent contact between the VAS and glycophorin, the Fab has to bind to the distal part of the HA and be oriented approximately parallel with the long axis of the HA, or it will be too short to prevent attachment. (Viitala & Ja$ rnefelt, 1985) , the HA (Wiley et al., 1981) , and the inter-HA spike distance for the influenza A virus used in this report (Taylor et al., 1987) . this category as its Fabs are non-neutralizing (Thomas et al., 1985) . This poliovirus MAb is thought to neutralize solely by aggregating virions, so failure of its Fabs to neutralize is explained. However, HC10 neutralizes mainly by means other than aggregation , and it is not known how its Fabs neutralize. In category (v) are certain Fabs to sites B and C of La Crosse virus that neutralized to a greater extent or at a faster rate than did their respective IgGs (Kingsford et al., 1991) . However, the affinities of these Fabs and their IgGs are not known, so no further interpretation is possible. The only other study on influenza A virus Fabs showed that they lost 31-to 100-fold neutralizing activity compared with their IgGs Yoden et al., 1985) , but without affinity data these cannot be entered into the classification above. Finally, all Fabs listed above can be divided into those whose neutralization is increased by the addition of anti-Fab IgG, and those whose neutralization is not. Nearly all fall into the first category. So far HC10, reported here, is the only known representative of the second category.
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